The current study was performed to investigate the effect of adenosine monophosphate (AMP) -activated protein kinase (AMPK) activation on the extracellular matrix (ECM) remodeling of pulmonary arteries in pulmonary arterial hypertension (PAH) and to address its potential mechanisms.
Background
Pulmonary arterial hypertension (PAH) is a devastating disease characterized by progressive increase in pulmonary vascular resistance and pulmonary arterial pressure resulting from persistent vasoconstriction, vascular remodeling, and thrombosis [1, 2] . Eventually, the increase in pulmonary arterial pressure leads to right ventricular heart failure and premature death. It has been demonstrated that pulmonary vascular remodeling characterized by thickening of all layers of vascular wall is extremely critical in the progression of pulmonary hypertension [3] . Pathologic changes leading to vascular remodeling include endothelial dysfunction, increased migration/proliferation of pulmonary arterial smooth muscle cells (PASMCs), adventitial fibroblast proliferation, and abnormal deposition of extracellular matrix (ECM) [4, 5] .
ECM is a highly dynamic composition of vasculature [6] . Collagen is the most abundant protein in the ECM [7] . It has been shown that accumulation of ECM is one of the most notable pathologic changes across the vascular wall in pulmonary hypertension [8] . Matrix metalloproteinases (MMPs) are the most significant modifying enzymes in ECM remodeling; they are largely produced by vascular smooth muscle cells, endothelial cells, and fibroblasts in the vascular wall [9] [10] [11] . Studies have shown that elevated MMP activity, especially MMP-2/9, leading to accelerated turnover of ECM, plays an important role in the initial remodeling of ECM in pulmonary vessels in both patients with PAH and animal models of PAH [12] . The function of MMPs is tightly controlled by a group of endogenous inhibitors called tissue inhibitors of metalloproteinases (TIMPs) to prevent excessive degradation of ECM [13] . Loss of balance between MMPs and TIMPs has been shown to induce ECM remodeling in patients with idiopathic PAH [14] .
Adenosine monophosphate-activated protein kinase (AMPK) is a sensor of energy status that regulates cellular and wholebody energy balance [15] . A previous study has shown that activation of AMPK by metformin (MET) inhibits the development of PAH in animal models through suppressing vascular remodeling [16] . Our group has recently demonstrated that activation of AMPK by MET inhibits PASMCs proliferation [17] . However, it is still unclear whether activation of AMPK by MET also modulates MMP-TIMP balance, thus ECM remodeling to confer its overall beneficial effects on pulmonary hypertension. In the current study, we used rat models of monocrotaline (MCT)-induced PAH to evaluate the effects of activation of AMPK by MET on the ECM remodeling of the pulmonary artery and to further explore its potential molecular mechanisms.
Material and Methods

Material
Polyclonal antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH), horseradish peroxidase-conjugated secondary antibodies, gelatin, and MCT were purchased from Sigma-Aldrich (St Louis, MO, USA). Metformin HCl tablets were obtained from Bristol-Myers Squibb (Shanghai, China). Tissue protein extraction buffer was supplied by Wolsen (Beijing, China). Monoclonal antibodies against total-AMPK and phosphor-AMPK were purchased from Cell Signaling Technology (Danvers, MA, USA). Polyclonal antibody against TIMP-1 was provided by Bioworld Technology (St Louis Park, MN, USA). All other reagents used in this study were of analytical grade.
Animals
Male Sprague-Dawley rats weighing 150 to 200 g used in the current study were obtained from the Laboratory Animal Center of Xi'an Jiaotong University. All animal experiments were approved by the Laboratory Animal Care Committee of Xi'an Jiaotong University and performed in accordance with the Guidelines for Animal Experimentation of Xi'an Jiaotong University. The rats were randomly divided into 3 groups: control group (Con, n=10), MCT-treated group (MCT, n=12), MCT and MET-treated group (MCT+MET, n=10). All animals were kept on a 12-h light/12-h dark cycle at 22±2°C, with 50% relative humidity and atmospheric pressure.
Generation of PAH models and drug treatment
MCT was dissolved in 0.1 mol/L HCl, and the pH was adjusted to 7.4 with 0.1 mol/L NaOH. Intraperitoneal (IP) injection of MCT (60 mg/kg) was performed to induce the PAH model on day 1. Metformin HCl tablets were dissolved in 0.9% NaCl solution with the final concentration of 50 mg/mL. Metformin (150 mg/kg) was administrated to the rats daily by IP injection throughout the experiment period. The healthy control rats received an equal volume of 0.9% NaCl solution by IP injection.
Measurement of RVSP and RVH
Twenty-eight days after MCT injection, all surviving rats were anesthetized with an IP injection of 10% chloral hydrate (3 mL/kg). Hemodynamics were measured as described previously [18] . Briefly, right ventricle systolic pressure (RVSP) was measured using a Grass polygraph (Power Lab, Australia). The hearts and lungs were harvested after completion of hemodynamic measurements. The right ventricle (RV) was dissected from the left ventricle (LV) plus interventricular septum (S), and both parts were weighed separately to assess for right ventricular hypertrophy (RVH). Then the ratio of weight of the RV to the LV plus S [RV/(LV+S)] was calculated to determine the index of RVH.
Histologic analysis
After harvesting, marginal right lower pulmonary lobes were further fixed with 10% (v/v) buffered formalin for 4 h and then embedded with paraffin. Tissue blocks were then sectioned to 5 μm in thickness and stained with Masson's trichrome staining. The stained sections were observed using an optical microscope at ×400 magnification. To evaluate the magnitude of collagen accumulation surrounding pulmonary vessels, perivascular collagen area (PVCA) was calculated using Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA). And PVCA was determined as the ratio of the perivascular fibrotic area (blue area) to the total vessel wall area.
Western blot analysis
Harvested peripheral lung tissues were homogenized in RIPA lysis buffer containing the phosphatase inhibitor and protease inhibitor on ice. Equal amounts of protein from each sample were denatured and separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels. The separated proteins were then transferred onto nitrocellulose membranes. The membranes were blocked with 5% bovine serum albumin in Tris-buffered saline with Tween for 1 h at room temperature and incubated overnight at 4˚C with primary antibodies (1:1000 dilution) against total-AMPK, phosphor-AMPK, TIMP-1, and GAPDH. Membranes were next washed and incubated with an appropriate horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. Finally, blots were developed using the ECL reagent kit (Millipore). The signal intensity of the immunoblots on the autoradiogram was quantified using Quantity One software (Bio-Rad Laboratories, Hercules, CA, USA).
MMP activity determination by gelatin zymography
Gelatin zymography was performed to determine the enzymatic activity of MMP-2/9. Lung tissues were homogenized in TrisHCl buffer containing 50 mmol/L Tris-HCl pH 7.6, 150 mmol/L NaCl, 5 mmol/L CaCl 2 , and 0.1% Triton X-100. Equal amounts of protein were mixed with Tris-glycine SDS sample buffer in the absence of reducing agents, separated on gelatin zymography gel by electrophoresis. The gel was then washed twice for 40 min in 2.5% Triton X-100 at room temperature, incubated for 42 h in development buffer containing 50 mmol/L TrisHCl pH 7.6, 5 mmol/L CaCl 2 , and 1 µmol/L ZnCl 2 at 37°C. After incubation, the gel was stained with 0.5% Coomassie Blue R-250 for at least 3 h, and then destained in destaining buffer containing 30% MeOH and 10% acetic acid. The resulting bands were visualized and analyzed by Gel Doc™ XR (Bio-Rad).
Statistical analysis
Values are presented as mean plus or minus standard deviation. Differences among groups were analyzed using one-way analysis of variance followed by Tukey post hoc test. P<0.05 was considered statistically significant.
Results
Metformin prevents the increase of MCT-induced RVSP and RVH As shown in Figure 1A , the RVSP in MCT-treated rats was 40.6±2.7 mm Hg, which was significantly higher than that in control rats (21.8±1.6 mm Hg; P<0.05), suggesting that PAH was successfully induced in rats. Administration of MET in MCTtreated rats dramatically reduced RVSP to 27.7±1.8 mm Hg (P<0.05 vs. MCT-treated group). Similar changes were observed in RVH ( Figure 1B) . The RV/(LV+S) ratio increased dramatically in MCT-treated rats (58.3±4.8%) vs. control rats (21.4±2.3%; P<0.05). After the use of MET, the ratio declined to 33.1±3.2% (P<0.05 vs. MCT-treated rats), indicating that MET prevented the development of PAH.
Metformin prevents the MCT-induced excessive collagen deposition
To evaluate the accumulation of ECM components in pulmonary vessels in PAH, collagen deposition was determined by Masson's staining, in which mature collagen fibers were stained blue. As shown in Figure 2 , collagen deposition in pulmonary vessels was significantly increased in the lung tissues of MCTtreated rats compared with control rats. However, after administration of MET, deposition of collagen in pulmonary vessels in MCT-treated rats was dramatically reduced.
Metformin prevents collagen deposition via AMPK activation
To determine whether activation of AMPK was involved in the inhibitory effect of MET on collagen deposition, phosphorylation of AMPK in lung tissue lysates was examined by Western blot. Figure 3 shows that the phosphorylation of AMPK was decreased in the MCT-induced PAH model, which was 0.58-fold over control (P<0.05), treatment with MET increased phosphorylation of AMPK in MCT-induced PAH rats (0.91-fold over control, P<0.05 vs. MCT-treated group).
Activation of AMPK inhibits activity of MMP-2/9 and expression of TIMP-1
To further investigate the mechanisms of activation of AMPK by MET inhibition of MCT-induced collagen deposition, the activity of MMP-2/9 and the expression of TIMP-1 were examined in tissue lysates of rat lung. Figure 4A shows that MCT induced 1.96-fold increase in MMP-2 activity (P<0.05 vs. control) and 1.62-fold increase in MMP-9 activity (P<0.05 vs. control). Administration of MET decreased MMP-2/9 activity in MCT-treated rats to 1.41-/1.22-fold over control rats (P<0.05 vs. MCT-treated group). Figure 4B indicates that TIMP-1 protein level increased to 1.58-fold over control in the MCT-treated rats (P<0.05 vs. control group), whereas TIMP-1 level decreased to 1.35-fold over control rats in MCT+MET-treated rats (P<0.05 vs. MCT-treated group). 
Discussion
The current study has indicated that activation of AMPK by MET dramatically reduces elevated RVSP and RVH in MCTinduced PAH, and these are accompanied by the inhibition of ECM remodeling in pulmonary arteries. The mechanisms underlying AMPK suppression of ECM remodeling in pulmonary arteries is coupled to decreased MMP-2/9 activity and TIMP-1 expression. Our study suggests that by enhancing AMPK activity, the strategy might prevent PAH partially by modulation of ECM remodeling in pulmonary arteries.
Elevated MMP activity and consequent ECM remodeling in pulmonary vasculature have been shown to be associated with the development of PAH in both experimental models and patients [12, 14] . Injection of MCT causes inflammatory response in lungs, endothelial cell injury, and subsequent proliferation of vascular smooth muscle cells leading to the development of severe PAH, associated RVH, and pulmonary vascular lesions. Injured endothelial cells and inflammatory cells secrete more MMPs [19, 20] . Consistent with previous studies, enhanced ECM accumulation in pulmonary arteries, accompanied by increased enzymatic activity of MMP-2/9 in lungs, has been found in MCTinduced PAH rat models in this study. MMP activation can initiate the ECM remodeling in pulmonary vasculature through a vicious circle in which ECM degradation promotes ECM protein synthesis. The degradation of ECM by MMPs and the subsequent release of bioactive ECM fragments and growth factors sequestered within the ECM promote proliferation of endothelial and smooth muscle cells and trans-differentiation of fibroblast, which in turn synthesizes and secretes more ECM components. The dysregulated ECM metabolism finally leads to abnormal ECM accumulation [12, 21] . Further, it has been demonstrated that MMPs can directly and indirectly regulate proliferation, migration, invasion, and apoptosis of endothelial cell and smooth muscle cell [12] . All these findings suggest that MMPs play an important role in the development of PAH. In support, MMP inhibitor has been found to protect against the development of MCT-induced PAH in rats [22] .
The function of MMPs is modulated by TIMPs. In the current study, we have found that expression of TIMP-1 in lungs of MCT-induced PAH rats is also upregulated, which implies a dynamic, balanced relationship between MMP and its specific tissue inhibitors [23] .
AMPK is a crucial energy sensor that regulates cellular and whole-body energy balance. Although best known for its effects on metabolism, AMPK has many other functions, including regulation of autophagy, cell proliferation, and ECM synthesis and degradation [24, 25] . Goncharov et al reported that AMPK phosphorylation is reduced in PASMCs of idiopathic PAH [26] . In the current study, we have found AMPK phosphorylation is also reduced in the lungs of rat models of MCTinduced PAH. A previous study has shown that activation of AMPK plays a protective role in the development of PAH in animal models by suppressing vascular remodeling [16] . Our group has recently demonstrated that activation of AMPK inhibits the proliferation of PASMCs by decrease of S phase kinase-associated protein 2 and increase of p27 [17] . ECM accumulation has also been shown to be an important component of the pathologic changes contributing to vascular remodeling in PAH and remodeling of valves [8, 27] . The inactivation of AMPK has been demonstrated to mediate high phosphateinduced ECM accumulation in immortalized human mesangial cells [28] . AMPK activation by 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) has been shown to prevent renal fibrosis in the rat model of renal ablation and also in experimental diabetic nephropathy [29] [30] [31] . In the current study, we have found activation of AMPK by MET dramatically inhibits accumulation of ECM in pulmonary arteries induced by MCT. This effect is accompanied by a decrease in MMP-2/9 activity. The inhibition of expression and activity of MMP-2/9 by activation of AMPK has been shown in previous studies conducted on different types of cells [32] [33] [34] . In addition, studies have suggested that AMPK signaling pathway might regulate expression of MMPs by modulating the activation of nuclear factor-kB [34] [35] [36] . Based on these results, we speculate that the mechanisms underlying AMPK suppression of ECM accumulation in pulmonary arteries might involve the inhibition of MMP-2/9 activity. Further in vitro experiments are warranted to verify this finding.
PAH is a progressive disease with high mortality; however, no medication is available that effectively and safely treats this disease. MET is an in vitro synthetic AMPK agonist that has been used to treat type 2 diabetes for nearly a century with wide clinical experience and safety record [37] . Studies conducted by this group as well as others have indicated that activation of AMPK by MET prevents the development of MCTinduced PAH model. The suppression of ECM remodeling of pulmonary arteries and inhibition of PASMCs proliferation by activation of AMPK may contribute to its beneficial effects. However, the safety and efficacy of this therapeutic strategy in patients with PAH should be further investigated.
The current study has 2 limitations. First, animal models of MCT-induced PAH are characterized predominantly by pulmonary arterial medial hypertrophy rather than by the endothelial cell-mediated angio-obliteration observed in humans. Second, because pharmacologic modulation of AMPK is not entirely specific for AMPK, we cannot completely exclude the potential roles of other mediators modulated by MET during this process.
Conclusions
In conclusion, our study demonstrated in a MCT-induced PAH rat model that treatment with MET may prevent the development of PAH by reducing ECM remodeling of pulmonary arteries. The underlying mechanisms are associated with the activation of AMPK, which induces a decrease in the MMP-2/9 activity. Our results suggest that the strategy of activation of AMPK may have potential value in clinical treatment of PAH.
Conflicts of interest
None of the authors have any conflict of interest to declare.
